When non-metallic atoms are excited in a low-pressure glow discharge plasma, absorption transitions can be observed in the 640-930 nm wavelength range where laser diodes are commercially available. These excited atoms can be sensitively probed by diode laser atomic absorption spectrometry (DL-AAS). Because an atomic absorption transition can also be detected by coherent forward scattering (CFS) spectrometry and CFS spectrometry with a diode laser has more attractive features than DL-AAS, diode laser coherent forward scattering spectrometry (DL-CFS) was employed to investigated the absorption transition of excited argon atom at 842.46 nm. Ar (I) 842.46 nm line was adopted due to the tunable wavelength range of available diode laser in this experiment. Excited argon atoms were produced in a glow discharge plasma. CFS signal intensity at 842.46 nm attained maximum at discharge current of 20 mA in 3 Torr (399 Pa) of argon and at magnetic field of 160 mT. Calibration curve of argon was prepared to mix a small amount of argon into 6 Torr (798 Pa) of helium. The signal intensity depended on the 4.4th power of the number density of argon. The 4.4th power dependence is too large to be explained by the theoretically predicted quadratic dependence. When a small amount of molecular nitrogen was mixed into argon plasma, strong suppression of CFS intensity was observed. Molecular gases such as air were found to be unsuitable for the plasma gas to excite the target atoms.
Introduction
For rapid analysis of solid samples, spark and glow discharge optical emission spectroscopies have extensively been used. 1, 2) However, emission spectroscopic analysis of non-metallic elements is difficult because of their larger excitation energies. 3) In addition, the atomic resonance transitions of these elements lie in the far-ultraviolet spectral region (e.g. O(I): 130.2 nm; N(I): 120.0 nm). Detection capabilities in this region are limited by the atmospheric absorption as well as the detector sensitivity. Although the emission lines of these elements are also available in the visible and near-infrared regions (e.g. O(I): 777.2 nm; N(I): 746.8 nm), 3) their excitation energies are much higher than those of the far-ultraviolet resonance lines, resulting in low analytical sensitivity. When non-metallic atoms such as H, C, N, O, S, He, Ne, Ar, Kr, Xe, F, Cl, Br, I are excited in a low-pressure glow discharge plasma, absorption transitions from mainly metastable state can be observed in the 640-930 nm wavelength range where laser diodes are commercially available. 4) These metastable atoms can be sensitively probed by diode laser atomic absorption spectrometry (DL-AAS) by applying wavelength and absorption modulation techniques. 4) By the way, absorption transitions of atoms could be also detected by coherent forward scattering (CFS) spectrometry. 5 ) CFS optically converts losses by atomic absorption into line intensities, which increase with increasing numbers of interactive atoms. 5) Recently, comparison of diode laser atomic absorption (DL-AAS) and coherent forward scattering spectrometry has been reported. 6) This paper shows that CFS spectrometry with a diode laser (DL-CFS) attains lower limit of detections (LODs) than DL-AAS. In addition, slightly off-setting the polarizers (i.e., optical linearization 5, 6) ) improve the signalto-noise and signal-to-background ratios significantly, and thereby reduce the LODs, and increase the analytical range by more than two orders of magnitude.
Since the LD-CFS spectrometry has many attractive features, absorption transition of excited non-metallic atom was tried to detect by DL-CFS and the analytical characteristics of the spectrometry was investigated. Because the available external cavity diode laser (ECDL) in this experiment could only be tunable between the wavelengths of 840 and 860 nm, the only observable atomic transition is Ar (I) 842.46 nm line. Therefore argon was selected from non-metalic elements in this study.
Experimental
A schematic diagram and the details of the experimental set-up are given in Fig. 1 and Table 1 , respectively. Details of the glow discharge tube is depicted in Fig. 2 . Electrode configuration of the glow discharge tube was similar to that of Grimm-style glow discharge tube 7) without a differential pumping aperture. A transverse magnetic field is applied at 45° with respect to the plane of polarization (Voigt configuration). External cavity diode laser (ECDL) system, which could be tunable between the wavelengths of 840 and 860 nm was used. A beam splitter (B.S.) divided the radiation of the diode laser into a beam with high intensity for the experiment and into a weaker beam for Fabry-Perot interferometer to monitor the frequency of the laser. Glow discharge plasma was used to produce the excited atoms. 842.46 nm atomic line of argon was adopted to investigate the characteristic of CFS spectrometry for the excited atoms. Glow discharge tube was placed between two crossed polarizers, polarizer and analyzer, which block the probe light when there is no atomic interaction. The transmitted light at wavelength of atomic absorption was detected by a combination of photodiode and lock-in amplifier. Output signals from Fabry-Perot interferometer and lock-in amplifier were stored in a data logger and transferred to a personal computer.
After evacuating the discharge chamber below 2.7 × 10 -3
Pa (2 × 10 -5 Torr), high purity gas was introduced. The pressure was measured with a capacitance manometer and an ion pressure gauge. DC power supply was connected to the cathode and was operated in a constant current mode to generate a glow discharge plasma.
Dependences of the CFS intensity of Ar (I) 842.46 nm on the applied magnetic field and on the discharge current were examined. In order to investigate the analytical characteristics of CFS spectrometry, calibration curve of argon was prepared by mixing a small amount of argon into 798 Pa (6 Torr) of He. Effect of the admixture of molecular nitrogen on the CFS intensity of argon was also examined.
Results and Discussion

Coherent Forward Scattering (CFS) Spectrometry
The CFS technique is based on two crossed polarizers, the polarizer and the analyzer, which block the probe light path when there is no atomic interaction. Because of the anisotropy of resonant analyte atoms, which is induced by the applied external magnetic field, the state of light polarization is changed on passing through the atomic vapor between the polarizer and the analyzer, and light is transmitted. Without light interaction with resonant atoms the transmitted intensity is zero. 5) Transmitted CFS intensity ICFS is approximately expressed as 5, 8, 9) ... (1) where N is the number of atoms in unit volume (the number density of atoms), and L is the length of magneto-optic interaction region. This equation is valid at small (NL). When (NL) becomes large, this approximation fails and the self-absorption of light by atoms cannot be ignored, then the (NL) 2 dependence does not hold in this region. Fig. 3 (11.55 eV) and the level is highly populated. The 811.53 nm argon atomic absorption line was applied to the determination of low ppbv to ppmv trace of argon in the high-purity helium and neon gases by diode laser atomic absorption spectrometry (DL-AAS). 10) Although the lifetime of the lower level of Ar (I) 842.46 nm (11.62 eV) is 8.4 ns (estimated from the reciprocal of Ar 106.67 nm line's A-coefficient) and is ordinarily too short to observe atomic absorption, relatively strong atomic absorption of Ar 842.46 nm can be observed. This is probably because the population density of argon metastable levels (11.55 and 11.72 eV) might be transferred to the nearby resonant state (11.62 eV) by collision with thermalized electrons, which is called electron quenching. 11) ... .................. (2) where m, r and * refer to a metastable state, a resonant state and an arbitrary excited state, respectively.
9)
Absorption Transition of Excited Argon Atom at 842.46 nm Partial energy level diagram of argon atom is shown in
Optimal Magnetic Field Giving Maximum CFS
Intensity Optimal magnetic field giving maximum CFS peak intensity was examined. Relation between the CFS peak intensity and the applied magnetic field at 3 Torr (399 Pa) of argon is shown in Fig. 4(a) . Optimal magnetic field was found to be 160 mT. Normalized CFS spectra of Ar (I) 842.46 nm at each applied magnetic field are also shown in Fig. 4(b) . Zeeman-shifted CFS peaks (three π and six σ components) were observed to spread apart with increasing magnetic field. Here the distortion of the CFS peak shape might be due to the output power variation of tunable diode laser with changing the laser frequency.
Effect of the Discharge Current on the CFS Spec-
tra Effect of changing the discharge current on the CFS signal at 0.1 T and at 3 Torr (399 Pa) of argon were examined as shown in Fig. 5 . It was found that the CFS peak intensity became maximum at the discharge current of 20 mA. Two dips on the CFS peak was observed at 22.5 mA and became deep with increasing a discharge current. The position of the dips coincided with the peaks of Zeeman shifted atomic absorption of Ar (I) 842.46 nm line at 0.1 T. Since an increase of discharge current resulted in an increase of the number density of excited atoms, the origin of the dips might be a self-absorption of CFS signal by the excited argon atoms. Consequently, maximum peak intensity shown in Fig. 5 (a) might be determined by an original CFS intensity and a self-absorption.
Calibration Curve of Argon in Helium Glow Dis-
charge Plasma When air plasma was used for the excitation of argon, CFS signal of excited argon atom became too weak to make an calibration curve. Then helium was used as a plasma gas to inhibit the lowering of argon CFS signal. As shown in Fig. 6 , calibration curve was prepared to mix 0.02-0.16 Torr (1)). As stated in section 3.2, the population density of the lower level of argon 842.46 nm line might be sustained by the electron quenching of argon metastables. Consequently the absorption at 842.46 nm was dependent on the number density of metastable argon atoms. The production processes of metastable argon atoms are 11) (i) fast-electron-impact excitation from ground state argon atoms, including cascading from higher energy levels, (ii) fast-ion and fast-atom-impact excitation from ground state argon atoms, and (iii) radiative recombination between Ar + ions and slow electrons.
In the above processes, (ii) ion-and atom-impact excitation is dominant 11) ........ (3) where 0 refers to a ground state. Ion-and atom-impact excitation, which is a very efficient process at high energies 12) leading to a very high production rate at the region close to the cathode where the ions and the atoms have high energies. 11, 12) According to the Eq. (3), the number density of the produced metasatble argon atoms would be proportional to the total number of collisions between argon particles. The total number of collisions Z is expressed as 13) . where NAr is a number density of argon.
According to the Eqs. (1) and (4), CFS intensity of argon is ........... (5) Consequently, the dependence of CFS signal intensity on the 4.4th power of the number density (, which is proportional to volumetric concentration) of argon might be due to the influence of the production processes of argon metastables.
3.6. Effect of the Admixture of Molecular Nitrogen into a Plasma Gas As stated in section 3.5, air plasma caused a extremely weak CFS signal of argon. Since this CFS intensity suppression was considered to be due to the coexistence of argon and molecular nitrogen or oxygen in the plasma, admixture effect of molecular nitrogen with argon was first investigated. As shown in Fig. 7 , relation between the CFS intensity of argon at 842.46 nm and the volume % of admixed molecular nitrogen with 2 Torr (266 Pa) argon was investigated. Rapid suppression of CFS intensity was observed and it became approximately 50% when 2 vol% of N2 was admixed. In order to explain the rapid decrease of CFS intensity, partial energy level diagrams of both argon and nitrogen molecule are described in Πu state 14) and the argon metastable levels (11.55 eV (J = 2) and 11.72 eV (J = 0)) are only 0.03 eV, then collisions of the second kind between the metastable argon atoms and the nitrogen molecules could be possible according to the reaction. 15, 16) ........... (6) Consequently, energy of argon metastables are transferred to nitrogen molecules resonantly, resulting in the strong suppression of the CFS intensity of Ar 842.46 nm line which is closely connected to the argon metastables via electron (2)). Considering above discussions, molecular gases such as air were found to be unsuitable for an excitation of the target atoms because molecular species have many energy levels connecting to molecular vibrations and rotations over wide energy range resulting in the reduction of the number of excited target atoms in the plasma by quenching effect. Noble gases would be suitable for the plasma gas because the first excitation energies of the noble gases are high and they have no rotational-and vibrational-energy level resulting in showing almost no quenching behavior.
Conclusion
Coherent forward scattering (CFS) spectra of excited argon atom at 842.46 nm were investigated. Excited argon atoms were produced in a glow discharge plasma. CFS signal intensity attained maximum at 20 mA discharge current and at 160 mT of external magnetic field in 3 Torr (399 Pa) of argon. Although the lifetime of the lower level of 842.46 nm line is short (8.4 ns), relatively strong absorption transition could be observed probably because the population density of the lower level of 842.46 nm line might be sustained by the electron quenching of argon metastables. Calibration curve of argon was prepared to mix a small amount of argon into 6 Torr (798 Pa) of helium. The CFS intensity at 842.46 nm depended on the 4.4th power of the number density of argon. The dependence is too large to be explained by the theoretically predicted quadratic dependence. The dependence of CFS signal intensity on the 4.4th power of the number density of argon might be due to the influence of the production processes of argon metastables connecting to the lower level of Ar (I) 842.46 nm. When a small amount of molecular nitrogen was admixed into argon plasma, strong suppression of CFS intensity at 842.46 nm was observed in consequence of the reducing of argon metastables by collisions of molecular nitrogen. Molecular gases such as air were found to be unsuitable to excite target atoms. Noble gases should be used for the plasma gas to produce excited atoms. 
